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LEEMDue to the wide range of possible applications, there is a strong current interest in semiconductor nanowires,
that began around the start of the millennia. As a result, a number of important new surface science chal-
lenges of both fundamental and practical nature have emerged. Surfaces govern important processes for
nanowire growth, physical properties and the ability of nanowires to interact with their surroundings. How-
ever, experimental studies of nanowire surfaces are difﬁcult as many important surface science tools are not
well suited to access these highly one dimensional objects. Still, recent studies has shown that, by designing
experiments in an appropriate fashion, it is possible to both uniquely contribute to the understanding of the
seed particle driven growth of nanowires and to explore the surfaces of nanowires with crystal structures and
materials combinations not found in the bulk. In this prospective, recent results obtained using surface sen-
sitive electron microscopy/spectroscopy and scanning tunneling microscopy will be highlighted and future
directions will be discussed.
© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
1D free-standing semiconductor nanostructures, in the form of
nanowires and nanotubes, have the potential to become central com-
ponents in future electronics and photonics applications within infor-
mation technology, renewable energy and life-sciences [1–5]. These
1D nanostructures have been grown in virtually all types of materials,
ranging from one component carbon and silicon to compound semi-
conductors and complex oxides. This has led to a plethora of highly
original structures with completely novel crystal structures, combina-
tions of materials, and 3D architectures [1–7].
One serious challenge though is the control and characterization
of their surface structure, chemistry and morphology. 1D nanostruc-
tures will have very large surface to bulk ratios, ultimately reaching
100% for the single walled carbon nanotube. Even for a 100 nm di-
ameter Si wire, the outermost atom layer will make out only ~4% of
the total number of atoms. Compared to typical doping levels, this is
a very signiﬁcant amount of material. Accordingly surfaces and in-
terfaces will play important roles in determining the wire physical
properties and will certainly be crucial in fulﬁlling any promises
made on using nanowires as sensors [8–10]. For semiconducting wires,
especially important are effects such as surface band bending (which
can completely dominate electrical properties), electron/hole traps at
the surface (which will strongly affect optical performance) and the
severe problem of proper (Ohmic) electrical contacts for nanowire de-
vices [1,3,10]. The large surface areas also have positive implications, as
wires can be used as extremely delicate sensors, and electric ﬁeldkelsen).
-NC-ND license.control in transistors is possible to a much more extensive degree
[5,11]. In addition, the contact area to other functional components
can be high and varying the surface chemistry along the wire can be
used in the design of electronic devices.
Unfortunately, while the study of surfaces is highly relevant for the
nanowires, surface studies of these objects are still much less common
than their 2D or even 0D counterparts. This is presumably because, for
surface science experimentalists, they present a worst-case scenario—
most of our methods are best suited for semi-inﬁnite 2D ﬂat surfaces.
One central problem is the different length scales involved: in one di-
rection wires will be perhaps 20 nm across a facet, while they can be
several 1000 nm long in the growth direction and ﬁnally we will be
hunting features where a precision of 0.01 nm is often desired. Scan-
ning probe microscopy (SPM) techniques have serious problems with
the aspect ratio of the wires (deﬁnitely when a wire is standing up,
but also lying down). Further, because wires have little attachment to
the substrates, they are often very mobile, and we tend to move them
around. For our surface averaging techniques such as X-ray photoemis-
sion spectroscopy (XPS) and low energy electron diffraction (LEED),
the as-grown wires, which are standing straight up, are really not very
accessible. Nanowires dispersed on the surface often make out only
a small percentage of the surface area (especially for a homogenous
nanowire ensemble), and then aligning them to achieve a clear diffrac-
tion signal is difﬁcult. Nonetheless, with some efforts in tuning our
usual methods, and some imagination in sample preparation very in-
formative surface studies can be performed on these objects, as will
be seen below.
It is relevant to distinguish between the light element carbon
nanotube and boron nitride nanowires, the heavier element silicon,
germanium and group III–V nanowires and ﬁnally the wide range of
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based oxide nanowires). In the present discussion we will focus
on examples from the group IV and group III–V materials, but much
of the discussion will be relevant for the other types as well. The
group IV and III–V semiconductor nanowires can be grown using all
common methods for semiconductor growth including molecular
beam epitaxy (MBE), chemical beam epitaxy (CBE) and metal organic
vapor phase epitaxy (MOVPE) [12–14]. Typically nanowires are
grown using an Au seed particle, as seen in Fig. 1b. This particle acts
as catalyst for the growth in the sense that epitaxial growth proceeds
rapidly below the particle compared to the surrounding substrate.
As a result, the particle also linearly determines the diameter of the
nanowires [15]. Additional growth modes exist, which need no het-
erogeneous seed particle. Instead, a particle consisting of one of the
growth constituents can be stabilized and lead to nanowire growth
[16–18] (seen in Fig. 1b as well). For nanowire growth a crucial
point is control of the growth substrate and possibly the seed particle
chemistry. This particular surface problem has led to a number of sur-
face studies using both scanning probe [18–20] photoemission [17,21]
and surface X-ray diffraction [22,23] based methods.
Silicon and III–V compounds are thematerials most commonly used
today for electronics components, and will surely also play a signiﬁcant
role in future nanowire electronics and optoelectronics [24]. The large
surface to bulk ratios makes group IV and III–V nanowires suitable for
sensors and for the electric ﬁeld control needed in future generations
of high performance ﬁeld effect transistors (FETs). Speciﬁc applications
within optoelectronics such as LEDs, photovoltaics and lasers are also
far progressed [2]. While these nanowires do not have as spectacular
properties as the carbon nanotubes, their use as possible components
in a wide range of future electronics and photonics has still been very
successfully demonstrated. These successes are based on the unique
ability to, in a controlled fashion, grow heterostructures of a very wide
variety of materials combinations, resulting in a broad tunability in
physical properties—even within the same nanowire. This is in contrast
tomany other types of nanostructures where properties can be difﬁcult
to control or the variability is small. Since the contact area of a 1D struc-
ture across an axial interface is small, signiﬁcantly strained and nor-
mally incompatible materials can also be epitaxially combined. Now
nanowires have already been grown in virtually all III–V material bi-
nary combinations and even many ternaries. A broad variety of both
axial and radial heterostructures combining these materials has alsoFig. 1. (a) Summary of important issues related to surface science for a nanowire device. The
(bandbending and recombination) and connectivity to the outside world (molecular recogni
(often Au) or an ultra thin SiOx layer is adsorbed on the surface. As a result, after introduction
by the seed. (c) Schematic of basic nanowire device with metal top contact and growth s
nanowires grown via Au seed particles.been demonstrated [25]. Importantly, for many applications, III–V
nanowires can be grown epitaxially on silicon substrates opening up
the possibility to incorporate III–V high speed and optics components
directly with silicon chip technology [18].
Having access to one of the largest toolboxes to produce and charac-
terize compound nanowires, at Lund University in Sweden, we decided
to take on the challenge of studying their surfaces. Interestingly, we
have progressively become more “brave,” starting by 2D planarizing
the nanowires by embedding them, to now using methods such as
scanning tunneling microscopy (STM) directly on micrometer high
nanowires standing straight up on the sample. At the same time, we
are progressing towards performing surface science in increasingly
realistic growth environments and in more realistic device conﬁgura-
tions. We are certainly not the only ones taking the latter route and
for example for atomic wires on clean surfaces there have recently
been some extremely interesting studies combing STM and electrical
measurements [26,27].
In conclusion we identify three main challenges for nanowires
where surface science plays a crucial role:
A. Controlling growth: control of the nanowire nucleation event and
control of surface diffusion during growth (both along the sub-
strate and on the wire)
B. Controlling 1D surfaces: control of band bending effects at nanowires
surfaces, suppression of carrier recombination at surfaces and inhi-
bition of adsorption of unwanted species at the surface
C. Controlling 1D interfaces and interactions: creation of (ohmic) elec-
trical contacts to the wires, surface functionalization for sensors,
and tailoring of mechanical properties
To illustrate the nature of the challenges and possible solutions,
we will provide speciﬁc examples on how a number of central surface
science methods such as STM, XPS and photo emission/low energy
electron microscopy (PEEM/LEEM) can contribute to each of these
three areas. We will discuss how surface science methods have to
be reconﬁgured to allow studies of 1D nanostructures instead of
the semi-inﬁnite 2D surface, for which they were originally devel-
oped. Finally, we will discuss how experimental techniques should
be further developed in the future and identify some important issues
for 1D semiconductor nanostructures, where surface science will con-
tribute in the coming years.se are related both to the nanowire growth (surface diffusion and chemistry), function
tion and metal contact barriers). (b) Nanowire growth. First either a metal seed particle
into the growth chamber, nanowires will grow with diameters and position controlled
ubstrate as bottom contact. (d) Scanning electron microscopy (SEM) image of 50 nm
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The ﬁrst relevant question of nanowire study is the question of the
growth (mechanism) of nanowires. This is a highly active area of re-
search which to some extent has had an initial engineering spirit to
it, as trial-and-error methods were used to grow and optimize many
of the ﬁrst nanowire structures. This however, quickly led to a desire
to better understand the growth processes and to describe the under-
lying fundamental growth mechanisms—to perhaps develop further
improved structures. Here classic experiments of varying growth
parameters and checking resulting structures with SEM and trans-
mission electron microscopy (TEM) have been extremely instructive
[12]. However they are limited, in that while they show that surface
chemistry can play an important role for both the initial nanowire
nucleation [28], and latter growth of the wire—one has to infer sur-
face structure and chemistry indirectly. This has not only led to new
surface studies being performed, but also a “revival” of several older
surface studies originally conducted for very different reasons. In par-
ticular, the role of metals on semiconductor surfaces at elevated tem-
peratures has gained new meaning when growth using metal seed
particles is all of a sudden an interesting topic.
In an important silicon nanowire growth study, Hannon et al. from
IBM [29] used work on Au surface diffusion and structure formation
on silicon from the 90s and in addition performed LEEM surface stud-
ies of Au particles on Si. As was stated in the paper by Hannon et al.,
semiconductor nanowire growth models have to a large extent ig-
nored a number of phenomena related to nanowires surfaces. Thus
it is often assumed that material from the seed particle does not dif-
fuse out and the nanowire surfaces and the growth substrates have
facets and structures, which are not inﬂuenced by the metal in the
seeds. Also any faceting or surface effects on the seed particles or at
the seed particle/nanowire interface have largely been ignored or
treated in the most simpliﬁed manner. In the study by Hannon et
al., it was however shown that in the case of Au seeded growth of
silicon nanowires these assumptions were generally problematic. A
combination of surface sensitive low energy electron microscopy
(LEEM) and TEM was used. Both these instruments were equipped
with in-situ silane sources and heating facilities; thus the nanowire
growth processes could be followed in situ. Concentrating on the
LEEM studies, it was found that Au from the seed particles was active-
ly diffusing across the surface, forming a (√3×√3) structure on the
surface. Interestingly this meant invoking some of the considerable
literature on metal diffusion on Si surfaces from the late 1990s [30].
This already makes one realize that using any diffusion constants or
similar for growth scenarios taken from the clean Si(111) surfaces is
un-realistic as the surface will be covered by Au. In addition, the Au
diffusion leads to Oswald ripening which can drive the nanowire
growth into rather unstable regimes. Further studies have shown
that Au diffusion is not limited to Si, but also occur on for example
GaAs(111)B surfaces, often used for nanowire growth [19].
LEEM and PEEM have also recently been used to study the
homocatalyst growth modes and dynamics observed on III–V and Si
(111) surfaces [17,20]. In the work by B. Mandl et al. [17] a thin SiOx
layer (~1 nm) is deposited on the surface prior to growth and homoge-
neous untapered nanowires can be grown without a seed particle. This
is an extremely important development as Au can poison Si technology;
thus a simple growth mode without Au will be important for realizing
actual devices. While we have begun to understand the growth mech-
anism behind the oxide assisted growth, it is still far from resolved
despite its relevance for a wide range of nanowire material systems.
In addition, for in-situ studies of the fundamental nanostructure nucle-
ation process, oxide based growth could be very attractive because the
nanowire nucleation process can be studied from the initial starting
cluster of atoms to full wire growth. Surface studies using LEEM,
XPEEM and STM have shown that the role of the SiOx is to stabilize
small clusters/droplets of indium, which can in turn act as homoseedsfor growth of InAs nanowires, as exempliﬁed in Fig. 2c–e. Without
the presence of the SiOx, the indium will rapidly diffuse around on
the surface and only a few very large micrometer sized drops will be
formed, not suitable as seeds for nanowire growth [17].
In other studies it has been investigated how changing the substrate
chemistry even on the monolayer scale can seriously affect nanowire
growth (and in some cases improve it) [18,31]. One example is the
question on how the growth of straightmonolithic nanowires could be-
come possible on the InP(100) surface [21,31]. III–V Nanowires usually
grow in the b111> directions which leads to nanowires in a undesir-
able 35 degree angle with respect to the surface of the technologically
important (100) substrates. In addition, NW growth along these sub-
strates in the b110> directions occur, which leads to rather disordered
surfaces as described in Fig. 3a and visualized in Fig. 3c. Upon adsorp-
tion of lysine together with the Au seed particles it was however
observed that monolithic InP nanowires would grow perpendicular
from the substrates in the b001> direction. To understand why this
changewas induced by the lysine a number of surface studieswere car-
ried out. Using XPS it was realized that the amount of lysine adsorbed
on the surface was around one molecular layer and upon heating to
the growth temperatures (400 °C), the lysine decomposed and the ni-
trogen in this molecule formed InN, while the native indium oxides
dissolved and supplied the In. InN is a very stable compound forming
a stable amorphous layer on the substrate as conﬁrmed with STM
(see insets in Fig. 3c and d). This layer would form all across the surface
except underneath the Au particles. From additional post-growthmea-
surements using cross-sectional STM [44–46] it was realized that in
order to emerge from the substrate in the b111>directions the nanowire
now forms an islandwith (111) facets on the substrate. A picture of the
growth mechanism emerges where the InN layer only leave a small
growth region underneath the Au particle; thus the nanowire is forced
to initiate growth in the b001>direction and once it starts in this direc-
tion the barrier towards changing to the b111> directions is too great.
1.2. B. Controlling 1D surfaces
A key challenge remains for all types of electronics beyond the
Si/SiO2 technology: how to control the defect density and electronic
properties of surfaces and interfaces. This is even more relevant for
nanostructures, as their large surface to volume ratio can make the sur-
face completely dominate transport and optical properties. The serious
interface challenges for everything beyond SiO2/Si are not new, and ef-
forts have been ongoing for more than 30 years on how to understand
and solve this issue [32]—so why are we more likely to succeed today?
Three important factors can be identiﬁed. Firstly, our characterization
capabilities have strongly improved and are still improving. This will
allow us to identify particular detrimental defects and remove them,
and our new in-situ techniques allow a direct evaluation of processes
during growth. Secondly, the nanoscale presents new opportunities
to combine differentmaterials and to create previously unknown inter-
faces. In nanowires, materials with very different lattice constants can
be combined, as strain can more easily be relaxed. Also interfaces be-
tween crystalline materials are more acceptable as the detrimental
grain boundaries can be avoided in very small crystals consisting of
only one grain. Self-puriﬁcation and self-assembly can also result in
very perfect structures. Thirdly, growth methods such as atomic layer
deposition (ALD) have seen tremendous reﬁnement in recent years,
leading to much higher interface perfections.
As an example, the development of wrap-gate NW metal–oxide–
semiconductor ﬁeld-effect transistors (MOSFETs) offers an excellent
solution for gate length scaling [32–37]. However, the electrical per-
formance of such wrap-gate NW MOSFETs crucially depends on the
interface quality between the epitaxially grown InAs NW and the
high-k dielectric ﬁlm, usually formed by ALD. To investigate these
issues XPS is a powerful method as evidenced by the numerous XPS
studies on high-k dielectrics deposited on III–V semiconductor
Fig. 3. (a) Three different growthmodes of nanowires on the clean InP(001) surfaces after removal of the native oxide. (b) The unique growthmode after lysine has formed InN everywhere,
but at the Au seed particle [21]. (c) SEM image of nanowire growth with no lysine. Inset shows 50×50 nm STM image of the InP surface after annealing. (d) SEM image of nanowire growth
with lysine. Inset shows 50×50 nm STM image of the InP surface after annealing. d Reprinted with permission from [31]. Copyright [2011], American Institute of Physics.
Fig. 2. (a) LEEM image series during initial growth of Si nanowires on Si. Images show the Ostwald ripening of the Au growth seeds. In addition the LEEM reveals that the surface
structure is (√3×√3) consistent with a 1/3 monolayer Au coverage on the surface. (b) SEM image of the nanowires as grown in the LEEM in (a) [29]. (c, d) 50×50 μm2 LEEM images
of the clean and SiOx covered InAs(111)B surface respectively after ﬂashing the sample up to 600 °C for less than a minute. Droplets have formed both on clean InAs and on SiOx
covered InAs. On the SiOx covered surface also small bright In islands have formed, which can be seen in the 3×3 μm2 inset in (d). The islands are around 100 nm or less. If the
droplets move, they leave traces behind (seen in (c), but not in (d)), which shows that droplets only move on the clean surface, but not on the SiOx covered surface (a
low-energy electron microscopy (LEEM) movie recorded during annealing of the SiOx covered surface is provided in Ref. [17]). The In nature of both the large droplets and the
small white dots can be directly conﬁrmed by μ-XPS performed in the LEEM microscope. (e) In 4d XPS spectra recorded on the SiOx as a function of temperature. The peak marked
I originates from In binding to As. As the temperature is raised a new peak appears at 19 eV (peak II), the peak disappears again upon cooling down as can be seen from the tem-
perature series in the graph. The position of the peak indicates that this is In binding to the oxide and not metallic In which would appear on the other side of peak I in binding
energy a-b Reprinted with permission from ([29]), c-e Adapted with permission from ([16]). Copyright (2010) American Chemical Society.
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chrotron facility, it is possible to obtain high quality XPS core-level
spectra of InAs NWs even with thin ﬁlms of Al2O3 and HfO2 and
with a rather low density of wires on the substrate surface as seen
in Fig 4b. This is important as a high wire density is not always possi-
ble if high quality homogeneous samples are to be achieved. From the
XPS spectra we can analyze the semiconductor–oxide interface and
compare the interface composition and oxide reduction at InAs NWs
with corresponding results from planar InAs substrates. An overview
spectrum from InAs/HfO2 NWs deposited on a Si substrate is shown in
Fig. 4d. The wide range XPS spectrum is dominated by oxygen and sil-
icon core-level peaks from the re-oxidized Si substrate, but also an In
3d and a Hf 4f peak related to the NWs is seen even in the overview
spectra. As 3d spectra obtained from InAs NWs with Al2O3 and HfO2
are seen in Fig. 4e. Although the oxide peak appears high on the
nanowires spectra compared to the ﬂat substrates this is not neces-
sarily indicative of a thicker native oxide as the curved geometry of
the nanowires enhances the signal from the exterior oxide [43]. For
NWs wrapped with Al2O3 or HfO2 more In-oxides and signiﬁcantly
more As-oxides than for corresponding planar samples were found,
showing a less effective reduction of As-oxides upon high-k deposi-
tion. Finally we note that X-ray based photoemission electron micros-
copy (XPEEM) imaging with its multitude of imaging modes allows
the simultaneous imaging of doping, surface chemistry, and morphol-
ogy of the as-grown wires or wires in device conﬁgurations. One
image of such a device using XPEEM is seen in Fig. 4c. We have also
compared XPS spectra taken from one wire using the PEEM with
average XPS spectra showing very good matching. This is another im-
portant combination as XPEEM will verify that our average XPS mea-
surements are also relevant on the single wire or device level, while
the average XPS can give much more precise chemical information.Fig. 4. (a) Schematic illustration of the cross-section through a III–V nanowire. After exposu
effects. Bulk studies and now also nanowire surface studies show that ALD deposition of high
measurements, wires only cover a small part of the surface. (c) XPEEM secondary imaging
measurements. (d) Overview XPS spectra from InAs nanowires on Si, the very small In and
nanowires with native oxide and two different high-k oxides d-e Reprinted with permissioThehuge potential of semiconductor nanowires for future devices also
relies on the ability to tailor complex vertical and lateral heterostructures
inside the nanowireswith perfection down to the atomic scale. To help
resolve these issues using STM, we developed samples suitable for
so called cross-sectional STM (XSTM), where the III–V semiconductor
is cleaved in vacuum and scanned from the side. For XSTM, the III–V
nanowires are embedded in a lattice matched ternary III–V alloy
enabling the cleavage of the wire sample to expose an extremely ﬂat
surface for STM measurements. This version of XSTM, makes it possi-
ble to study the interior of nanowires (and other III–V nanostructures)
with atomic scale resolution [44–46]. While such interface informa-
tion is in principle also possible to obtain with TEM, the contrast can
be much clearer in XSTM and as we are really seeing individual
atoms, dopants and impurities can be studied in great detail. As an ex-
ample, we present the AlGaAs/GaAs heterostructures. Because both
the core of the nanowire and the embedding material are GaAs, the
strong contrast in STM of the AlGaAs is used to clearly identify the
wires. In the STM image in Fig. 5 one can see a GaAs nanowire
surrounded by an AlGaAs shell. The wires make angles of 35.3 degree
with the substrate, consistent with one of the usual [1-11] or [-111]
growth directions for this type of nanowires on GaAs(001) [44].
Zooming in on the atomic scale of an AlGaAs segment as in Fig. 5d
and e, we image the rows of As atoms inside the wire. The onset of
the AlGaAs can also be clearly identiﬁed as the introduction of Al
leads to a strong corrugation along the As rows of the AlGaAs when
compared to the smooth As rows of the GaAs. It can be observed di-
rectly that the lower boundary between the GaAs and the AlGaAs seg-
ment is monolayer (ML) sharp. The extremely sharp interface is also
an indication of a layer-by-layer growth mode of the wire. This
would indicate a high mobility of the III–V species at the Au–III–V in-
terface and considerable mass transport along this interface. Whilere to air an ~1 nm III–V oxide will be formed, which can result in serious bandbending
-k dielectrics can assist in removing these oxides. (b) Typical sample for XPS nanowire
of nanowire device. μ-XPS from individual wires compares favorably with average XPS
As peaks from the wires can be seen, despite the low coverage. (e) As 3d spectra from
n from [43]. Copyright [2011], American Institute of Physics.
Fig. 5. (a) Schematicmodel of the growth of an embedded nanowire heterostructure on a GaAs(100) substrate, which proceeds in three steps after the initial Au nanoparticle deposition: GaAs
nanowire growth, AlGaAs segment and shell formation, GaAs overgrowth. Thewires grow in the [1-11] and [111] directionswith 35.3 degree angles to the substrate. In the model only the
[1-11] direction is shown corresponding to the wire imaged in (b) and (c). (b) 400×400 nm2 STM image of the base of the nanowire. (c) 400×0400 nm2 STM image of the AlGaAs segment
inside the nanowire. As both the nanowire core and embeddingmaterial are GaAs, the AlGaAs shell and segment are seen as the bright contrast in the image. (d) 10×5 nm2 STM image of the
ﬁrst GaAs/AlGaAs interface which is atomically sharp. (e) Al content in AlGaAs axial segment in nanowire determined by counting individual features of Al atoms in the lattice. Inset shows
individual Al defects in theGaAs lattice as depictedbyXSTM. (f)Model ofAl reservoir effect inAuparticle a-eAdaptedwith permission from([44]). Copyright (2007)AmericanChemical Society.
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is very diffuse with a gradual decrease of the Al content over 50 nm,
or ~150 GaAs monolayers as seen in Fig. 5c. The AlGaAs ﬁlm growing
epitaxially on the substrate simultaneously with the wire segment
has atomically sharp interfaces at both the top and bottom. This dem-
onstrates that the diffuse boundary must be related to the Al stored in
the Au particle. The decrease in Al concentration can then be quanti-
ﬁed, by counting the defects along the wire, as shown on the graph
in Fig. 5e. The non-linear decrease in Al concentration can be modeled
(for details see Ref. [44]) on the assumptions that after the Al source of
the growth system is turned off, there is still Al in the Au particlewhich
is gradually incorporated into the wire as the nanowire continues to
grow layer-by-layer. Further the diffusion of Al in the Au is so rapid
that the Al concentration inside the Au particle is always homogenous.
Turning to the AlGaAs shell, it can be seen in the STM image in Fig. 5b
and c that the shell is much thinner than the AlGaAs layers on the
substrate and the AlGaAs segment in the wire. The nanowire shell is
generally found to be 10 times thinner than the AlGaAs ﬁlm at the
(001) substrate and 30 times thinner than the AlGaAs segment inside
the wire. Interestingly using similar growth parameters, but switching
substrate to the GaAs(111)B, the AlGaAs shell is found to be 30 times
thicker. This dramatic difference could be explained by the greater af-
ﬁnity for growth on the GaAs(001) substrates compared to GaAs(111)substrates. While epitaxial growth is kinetically hindered on the
GaAs(111)B it is more easily achieved on GaAs(001). It has previously
been shown that for III–V nanowires up to 80% of the material is sup-
plied from the substrate [15]. As a result, the rapid AlGaAs growth on
the (001) substrate will lead to a greatly reduced supply of material
for growth of thewire shell, compared to growth on a (111)B substrate.
1.3. C. Controlling 1D interfaces and interactions
Finally it is important to directly investigate the nanowire exterior
surfaces as any “communication” between the nanowires and the
outside world will occur through its surfaces. Thus for any nanowire
based sensor device or nanowire devices with electrical readout one
will have to be concerned with the structure of the surfaces and inter-
faces down to the atomic scale.
STM is a unique tool allowing for direct imaging of surface geom-
etry and electronic structure at the atomic scale. However, STM imag-
ing of the surfaces of electrically and optically active nanostructures,
often fabricated in complex growth environments, is challenging as
many of these structures will immediately oxidize upon retrieval
from the growth chamber. Subsequent attempts to remove the oxides
will often lead to disintegration of the nanostructures, unless extreme
care is taken. In a few but signiﬁcant cases such as carbon nanotubes,
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sents no problem as these very stable structures do not oxidize easily,
if at all [47–51]. As a result, they can immediately be imaged with
atomic resolution in STM in ultra high vacuum (UHV) or even in air.
Indeed, important results are currently being obtained using STM
on these entities, proving that STM can contribute tremendously
to the understanding of their structure and electronic properties.
For the much more easily oxidizing compound semiconductor nano-
structures such as the III–Vs, other avenues have been used, such as
connecting a growth system directly to the STM. For quantum dots
this has been done in a number of cases when UHV growth methods
such as MBE are used [52]. Recently this method has been taken up
by other researchers, which have studied the surfaces of InSbAs
nanowires in particular directly imaging the Sb in the InAs lattice
[56]. In this case the wires where As capped prior to introduction
into the STM chamber and a clean surface could then be obtained
by a decapping procedure. Unfortunately such methods do not easily
allow for the highly desirable direct studies of nanostructures in real-
istic device conﬁgurations using STM, an area where signiﬁcant prog-
ress has recently been demonstrated for carbon nanotubes [51]. Also
it is incompatible with MOVPE growth, where As capping is not
possible.
Fig. 6a shows the case of a single wire with a diameter of 50 nm
lying on an InAs substrate after cleaning with atomic hydrogen at
360 °C [53]. Atomic hydrogen can readily be produced by a heated
tungsten capillary, and the gentle and efﬁcient removal of the surfaceFig. 6. (a) 3D STM image of a 50 nm wide nanowire. (b) Schematic illustration of the STM o
20,000 nm, while atomic corrugation is b1 nm. (c) Top: 10×5 nm STM image of a {1-201}
nanowire facet and corresponding model. (e) Zincblende crystal segment in a wurtzite nano
and zincblende. (f) STM on the top of 2000 nm high nanowires demonstrating our capabili
with permission from ([53]). Copyright (2008) American Chemical Society. e Adapted withoxides by this method is well known for III–V substrates [54]. Turning
to the atomic scale structure of the wires, we note that for wurtzite
nanowires growing in the b0001> direction, the two most important
sidefacets are the {11-20} and the {10-10}, both shown in Fig. 6c. A
very interesting ﬁnding in some types of III–V nanowires is actually
the occurrence of the wurtzite crystal phase for compounds where it
is not the stable bulk structure. For example, InAs nanowires have
often been found to be almost entirely wurtzite, although the bulk
stable zincblende phase can be obtained by careful control of growth
parameters [55]. Because of the occurrence of wurtzite InAs exclu-
sively in the form of nanowires, surface studies of this phase have
been elusive so far. A clear distinction between the two types of facets
should be possible by considering the top As layer, where the {11-20}
facet is represented by zig-zag rows along the wire growth direction,
while the {10-10} facet is represented by rows of As atoms perpendic-
ular to the growth direction. In Fig. 6c we show high resolution STM
images of the {11-20} and {10-10} wurtzite facets, respectively. In
both cases, surface steps are also seen on the facets along the growth
direction. In Fig. 6d we can see a small zincblende segment in a
wurtzite wire, opposite to the bulk—here the wurtzite crystal struc-
ture is the common one, while the zincblende represents the faults.
Another important conclusion from the theoretical and experimental
results [53] is that the unreconstructed and non-polar nature of
these surfaces, similar to the zincblende {110} surface, will result in
surface spectroscopy that reﬂects bulk states, with no obscuring sur-
face states. This is corroborated by our theoretical calculations of then nanowire concept. Wires are typically 20–200 nm in diameter with lengths of 200–
nanowire facet and corresponding model. Bottom: 10×5 nm STM image of a {1-101}
wire. Atom positions of the top layer As atoms are indicated as red balls for the wurtzite
ties for scanning with a standard STM on such high aspect ratio structures a-c Adapted
permission from ([57]). Copyright (2010) American Chemical Society.
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bandgap. Thus we will be able to probe for example conﬁned states
in nanowire heterostructures and band-bending at junctions. Our re-
sults open the door for future STM studies of the different kinds of
III–V semiconductor nanowire surfaces, allowing also for atomically
resolved studies of complex heterostructure combinations and their
electronic structure.
Until very recently, no STM studies have been reported on upright
standing nanowires. This is no wonder as the STM is a tool tradition-
ally restricted to 2D ﬂat surfaces. The ﬁrst considerable challenge, in
using STM to study free-standing nanowires, is to locate and image
the wires in a stable manner at all, due to the extreme aspect ratio
of the several micrometers long nanowires. Initially, the tip was posi-
tioned with respect to the wires relevant for measurements by fol-
lowing the procedure described in Ref. [57]. Fig. 6f shows a typical
(1×1) μm2 overview scan of the freestanding nanowires in which
length variations over 240 nm are very precisely measured. Please
observe that the absolute length of these nanowires is ~2000 nm;
however the top of the nanowires can be imaged via STM. We con-
tinued to use this new found ability to study mechanical vibrations
of the wires. We can visualize how the nanowire oscillates by record-
ing and analyzing images obtained with the sample bias modulated
with a driving frequency. In addition contacting of the tip to the
wire is possible: during tunneling on top of the wire an increase of
the tunneling voltage causes the gold particle on top of the nanowire
to adhere to the tip, a so-called jump-to-contact. The feedback loop
of the STM will then retract the tip until the elastic stress of the
nanowire exceeds the attractive adhesion force. Observing an elastic
deformation of 40 nm in z-direction and with knowledge of the mod-
ulus of elasticity of the wire [58] we ﬁnd that this corresponds to a
force of approximately 10 μN. Another interesting observation is the
linear dependence of voltage with the maximum extension of the
wire, which translates into a linear relationship between the applied
voltage and the adhesion force between the tip and wire. We also
demonstrated a very powerful capability of the STM—the ultra-high
resolution enabling studies on the Ångström scale of hundreds of
MHZ frequencies. To investigate this regime, 600 nm long nanowires
with a diameter of 110 nm, grown without gold aerosol particles [24],
were used. For these stiff nanowires the tip is placed with Ångström
precision close to tunneling contact in the lateral direction and the
feedback is turned off. While the wire vibrations are induced via a
200 MHz signal, due to the non-linearity of the tunneling current
with distance, we need only to measure the changes in the average
tunneling current induced by the average deﬂection of the nanowire.
Already with a modest measurement precision of 1pA we have a res-
olution of 0.01 Å; however currents can be measured with much
higher precision and resonances in GHz regime can be introduced.
2. The future
Recently it was demonstrated how STM can image structure and
electron density on the atomic scale in carbon nanotube based de-
vices while the devices are operating [51]. This novel development,
featured on the cover of Nano Letters, opens the door to a playground
for nanoscale device physics. Measurements on device conﬁgurations
with the SPM tip as a moveable gate, have previously also proven
extremely powerful albeit with signiﬁcantly lower resolution [59].
Using an STM allows direct correlation to surface structure, local de-
fects and surface electronic properties observed at the atomic scale
on the surface of the nanostructure with the electronic properties
measured/inﬂuenced through the wire leads. The ultimate goal is to
create a novel toolbox of experimental procedures which allow the
creation of a wide variety of clean defect free nanowires and nanowire
heterostructures in a device conﬁguration with well deﬁned device
leads all inside the UHV STM chamber. Further we should be able to re-
producibly land on the wire and perform atomically resolved imagingand spectroscopy while at the same time applying a bias on the wire
and having a backgate on the whole system. Here it is noteworthy
that the nanowire device conﬁguration is in fact very appealing as a
playground for physics because the contact regions are conﬁned and
can be well deﬁned. In addition to this, complex 0D and 1D nanowire
heterostructures with atomic scale precision can be tailored in the
wire. This kind of reproducible heterogeneity is available in few other
nanostructure systems, and is crucial for these rather tricky STM mea-
surements. Thus while the concept here is challenging and somewhat
unconventional it can really take STM on nanostructures to a whole
new level opening up both possibilities to play with elemental device
physics, and bringing the STM closer to the real device situation.
With the many different imaging modes of the PEEM/LEEM elec-
tron microscopy techniques, nanowires and planar nanowire devices
can be studied to directly obtain a correlation between growth, struc-
ture and function—and even allow probing in-situ or at extremely
short timescales. As synchrotron sources continue to improve, the
quality and usefulness of PEEM continue to rise, but the two most im-
portant qualitative improvements will be in regards to lasers based
sources and due to aberration correction in the electron optics. Ad-
vanced laser technologies in the femto‐ and even attosecond time
range are continuously being developed, and in combination with
PEEM they hold great promise [62] either by multiphoton photoemis-
sion or by direct photoemission in the XUV range [63,64]. Important
also are the advent and practical realization of aberration correction
optics [65] capable of signiﬁcantly improving spatial resolution in
LEEM down to ~1 nm. Along with much better spatial resolution for
an aberration-corrected microscope the electron transmission has
also signiﬁcantly increased which is very important for many ﬂux
demanding XPEEM experiments.
For the growth and surface tailoring of nanowires the most impor-
tant new experimental opportunities opening up are in-situ methods
allowing the studies of surface and interface chemistry directly dur-
ing growth or under realistic conditions for sensors. Here we would
like to emphasize the recent developments of high pressure XPS
(HP-XPS) and possibly HP-PEEM. HP-XPS is a synchrotron based de-
velopment of XPS allowing pressures up to ~10 mbar at the sample
surface [60]. This is a highly interesting regime when dealing with
nanowire growth, as the most industrial relevant technique MOVPE
is based on growth in metal organic gasses in exactly this pressure re-
gime. Also a technique such as ALD is based on reactions occurring
at these pressures. In ALD metal organic molecules in combination
with water vapor are used. Thus we believe that tailoring gas cells
for HP-XPS for metal organic molecules and water vapor would be
highly interesting for future explorations of the initial stages of
nanowire growth. Here we note that in fact this part of the process is
very important, as we have seen above, the initial onset of nanowire
growth pretty much determines the rest of the process. Also studies of
sidefacet reactions, both for ALD termination with high-k dielectrics
and for growth related diffusion studies would be interesting. An in-
teresting further development would be to achieve substrates with
nanowire aligned in the same direction and sorted with respect to
size. Such a scenario is certainly not impossible to imagine as results
along these lines have been presented using ﬂuidics and electrostatics
[61]. Finally we mention efforts to design micro-gas and micro/nano
membrane systems at large. Such concepts are being developed and
have to some extent been implemented for especially transmission
methods such as transmission electron microscopy (TEM) and trans-
mission X-ray microscopy [66]. Here windows of SiN with thicknesses
down to ~50 nm have been implemented and hold great promise es-
pecially for focused highly energetic beams. However, for surface sen-
sitive techniques such as XPS or XPEEM these systems cannot be used
as the penetration depth is only a few nanometers in the surface sensi-
tive regime. Still newmaterials such as graphenewhich ismechanically
and chemically stable, while still being only one atomic layer thick,
holds the promise to solve this problem. Thus it has recently been
105A. Mikkelsen, E. Lundgren / Surface Science 607 (2013) 97–105shown that windows a few micrometers thick can be covered with
graphene and graphene oxides in a stablemanner to allowXPS and po-
tentially PEEMmeasurements with vacuum on one side of the cell and
substantially higher pressures on the backside. As a result, particles and
molecules on the backside of this ﬁlm can be studied under realistic
conditions [67].
In conclusion, we have given a number of recent examples of both
the variety and relevance of surface science methods for studying
semiconductor nanowires and how it is possible to use these methods
despite of the somewhat unfavorable 1D nature of all the samples.
What we have not touched upon in this prospective is the signiﬁcant
theoretical challenges which also exist for these types of structures
and the progress in this area—a topic of its own. As a ﬁnal note it is
worth mentioning that as the semiconductor nanowires inevitably
get thinner and thinner, to ﬁt into new generations of electronics and
photonics, the surface issue will only increase in importance. As an ex-
ample we mention that for quite common doping levels of 1018 cm−3
common surface Fermi level pinning can lead to depletion region of
the order of 5–10 nmwide. Thus any wire of dimensions much smaller
than 20 nm can very easily be completely dominated by its surface,
rendering any interior doping irrelevant.
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